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Abstract
This paper presents the results from three-dimensional fluid–structure interaction simulations of an aeroelastic wind tunnel
experiment which was conducted in the Transonic Wind Tunnel in Go¨ttingen, Germany in 2013. The experimental setup
consisted of two wings: a rectangular NACA0010 wing, which was used as a gust generator, and further downstream a
three-dimensional elastic wing representing the outer part of a typical transport-aircraft wing, the so-called ‘Aerostabil’
wing. Laminar-turbulent boundary layer transition has been tripped to generate turbulent flow. The investigations in this
paper are focused on the numerical influence of fixed transition compared to fully turbulent simulations. The effect of the
different aerodynamic modeling becomes most obvious for higher angles of attack. Steady aeroelastic simulations
including fixed transition modeling show more accurate numerical results than the fully turbulent simulations when
compared to experimental data. Moreover, unsteady simulations reveal a significant reduction of unsteady loads for
simulations with fixed transition compared to fully turbulent simulations.
Keywords Transition tripping  Aeroelasticity  Fluid–structure interaction  Gust experiment  Steady and unsteady
aerodynamics  Flow separation  Aerostabil wing
1 Introduction
High fidelity methods such as computational fluid
dynamics (CFD), finite element methods (FEM) and the
coupling of both methods in fluid–structure interaction
(FSI) simulations provide the possibility to predict the
loads of an aircraft with higher accuracy than traditional
methods based on potential theory for example. This
improved prediction accuracy can then be used in stability
analysis, such as flutter computations, or in load predic-
tions, e.g., due to gusts. A validation of these high-fidelity
methods is particularly necessary when flow separation
occurs [1], i.e., for high angles of attack and for high Mach
numbers. This need can be satisfied using wind tunnel data,
which can serve as a reference for these methods. Most of
the aerodynamic and aeroelastic wind tunnel experiments
apply transition tripping on their wing models for the fol-
lowing reasons [2]:
• To enforce turbulent flow and to obtain similar flow
conditions between the small-scaled experiment and the
aircraft in flight condition.
• To prevent the appearance of a laminar separation
bubble in subsonic flow with strong adverse pressure
gradients.
• For a better comparison to fully turbulent simulations,
because the prediction of the free boundary layer
transition is still very complicated.
Though the application of transition tripping in experi-
ments is well established, numerical methods lagged
behind for a long time. Experiments with fixed transition
are usually compared to fully turbulent simulations. A
method of fixed transition modeling was only implemented
in 2008 in the DLR TAU-Code [3], by Krumbein [4] and
so far, only a few applications of this method are
known [5]. The goal of this paper is the comparison
between fully turbulent simulations and simulations with a
fixed transition modeling for steady and unsteady flow.
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Aeroelastic wind tunnel data serve as a reference for the
numerical results.
The paper is structured as follows: at first, an overview
of the experimental setup is given. After that, the numerical
methods and models are explained in detail. Some special
numerical settings like the numerical wind tunnel wall
adaption technique will be discussed and a validation of the
setup is carried out using boundary layer measurements.
Numerical results for the static aeroelastic equilibrium are
presented, such as model deformations, local and global
aerodynamic characteristics. Finally, the influence of the
fixed transition on the unsteady aerodynamic loads will be
shown.
2 Gust response experiment
The wind tunnel experiment which will serve as a ref-
erence for the numerical simulation was performed in the
transonic wind tunnel Go¨ttingen (DNW–TWG), Germany.
Figure 1a shows the setup of the gust experiment in the
test section of the DNW–TWG. The so-called gust
generator is located in the front: a 2-D wing with a
NACA0010 airfoil section which is mounted on both
sidewalls of the wind tunnel. Behind the gust generator, the
three-dimensional elastic Aerostabil wing is mounted. This
model is an elastic, high-aspect-ratio wing with a super-
critical airfoil and represents the outer part of a typical
aircraft wing [2]. In Fig. 1b the dimensions of the wing
models, their rotational axes and the wind tunnel walls are
depicted in the X–Y plane.
Figure 2a shows the pressure tap sections on the elastic
wing Aerostabil and the location of the transition tripping.
The height of the tripping was 0.152 mm. For the mea-
surement of the local pressure distribution, the model was
instrumented with 93 miniature differential pressure
transducers Kulite XCQ-093-5psiD. The pressure trans-
ducers are located in three stream-wise rows at y = 0.195
m/0.264 m/0.405 m. In Fig. 2b the integrated local lift
coefficients from the experiment are shown at a Mach
number of Ma = 0.5. The middle section (y = 0.264 m)
leads to the highest local lift. Furthermore, the lift coeffi-
cients of the inner and middle section do not show a pro-
nounced maximum value. In the outer section at y = 0.405
m, the local lift reaches its maximum lift at approximately
a = 8.5–9.0. The first experimental and numerical
investigations with this setup were conducted in 2011 [6]
and in 2013 [7], where the gust response of the elastic wing
was studied.
3 Fluid–structure interaction simulations
3.1 Flow solver with modeling of fixed transition
The DLR TAU-Code [3] is used for all flow simulations
presented here. This code comprises a finite-volume solver
that computes the compressible, three-dimensional, time-
accurate Reynolds-averaged Navier–Stokes equations on
unstructured or hybrid grids, including several turbulence
models, as well as LES and DES models and a transition
prediction module. Additionally, the package includes a
pre-processor, a grid adaptation module and a grid defor-
mation module [8]. Different interfaces to structural anal-
ysis software allow coupled simulations of static and
dynamic aeroelastic problems. TAU uses a vertex-centered
dual mesh formulation.
For the simulations in this paper, a central scheme with
scalar artificial dissipation is employed for the spatial dis-
cretization in combination with an explicit three-stage
Runge–Kutta scheme. For turbulent closure, the one-
equation Spalart–Allmaras turbulence model [9] in its
original version is chosen. A local time-stepping
scheme [10] is applied for steady computations and an
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Fig. 1 Arrangement of the gust experiment in the wind tunnel DNW–
TWG. a Experimental setup. b Sketch of the dimensions
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implicit dual time-stepping scheme [11] is used for
unsteady time-accurate computations.
For the modeling of the fixed transition, the approach of
Krimmelbein is applied [5]. The method allows a laminar
region to be defined up to a certain point and enforces
turbulent flow behind it. The laminar regions are prescribed
by the definition of a polygonal line on the upper and lower
surface of the wing. In each cell of the CFD mesh which is
located in front of the transition line, the turbulent pro-
duction terms are set to zero. As in the experimental setup,
the numerical transition is fixed to 7.5% chord of the
Aerostabil wing over the complete wing span.
3.2 Structural solver
MSC Nastran with its eigenvalue solver SOL103 is applied
for the modal analysis. The resulting eigenvalues and
eigenvectors are used to describe the structural behavior of
the elastic Aerostabil wing in a modal approach.
3.3 Fluid–structure coupling methodology
The coupling methodology for the FSI simulations in this
paper is based on surface splining with scattered data
interpolation and radial basis functions [12–14]. The gov-
erning differential equation of motion is solved in modal
coordinates and reads:
I½ f€qðtÞg þ ½XfqðtÞg ¼ ½ ~UsTffsðtÞg: ð1Þ
Equation (1) is normalized with the generalized mass
matrix using fs as the external forces acting on the struc-
tural degrees of freedom, €q as the generalized accelerations
and q as the generalized displacements. I denotes the
identity matrix. Equation (1) is decoupled regarding each
eigenvalue and eigenmode of the structure. The modal
matrix ~Us contains each eigenmode of the structural model
and X is the diagonalized eigenvalue matrix. The structural
eigenmodes ~Us can be interpolated onto the aerodynamic
surface mesh using a spline matrix H [15]. By means of the
virtual work, it can be shown that the structural forces fs
can be calculated with the same, but transposed interpo-
lation matrix H, from aerodynamic forces fa:
ffsg ¼ ½HTffag: ð2Þ
Inserting Eq. (2) in Eq. (1) leads to
f€qðtÞg þ ½XfqðtÞg ¼ ½ ~UsTffsðtÞg
¼ ½ ~UsT½HTffaðtÞg
¼ ½H ~UsTffaðtÞg
¼ ½ ~UaT faðtÞf g:
ð3Þ
The expression H ~Us ¼ ~Ua in Eq. (3) can be interpreted as
the structural eigenmodes on the aerodynamic surface. For
the interpolation of the eigenmode matrix ~Ua, the thin plate
spline [16] is used as a basis function in the scattered data
interpolation. The calculation of the spline matrix H and
the interpolation of ~Ua has to be done only once, as long as
mass and stiffness of the structure are constant. Using the
relation between physical displacements u(t) and general-
ized displacements q(t):
fuðtÞg ¼ ½UfqðtÞg; ð4Þ
and under the assumption that the aerodynamic forces fa
are time independent, Eq. (3) leads to
fuag ¼ ½ ~Ua½X1½ ~UaTffag: ð5Þ
Equation (5) can be interpreted as the well-known linear
elasticity equation f ¼Ku from structural mechanics, but
acting now at the aerodynamic degrees of freedom. The
expression UX1UT in Eq. (5) is the flexibility matrix, fa
are the aerodynamic forces and ua are the elastic defor-
mations at the aerodynamic degrees of freedom.
The fluid–structure coupling for steady-state problems is
done iteratively using a so-called ‘conventional serial
staggered algorithm’ [17]. The iterative process has con-
verged if the difference of the maximum deflection of the
model between two consecutive time steps falls below a
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given value. Comparisons between the presented FSI
approach and experimental data always showed good
agreement [7, 15, 18–20], for subsonic as well as for
transonic flow.
4 Numerical models
In this section, the numerical models for the CFD simu-
lations and the structural model of the elastic Aerostabil
wing will be described shortly. Due to its high stiffness in
comparison to the Aerostabil wing, the wing model of the
gust generator (NACA0010) has been assumed to be quasi-
rigid and its elastic behavior has been neglected in all
simulations.
4.1 CFD mesh including wind tunnel wall
adaption
The CFD mesh was created with the mesh generator soft-
ware CENTAUR. The numerical model represents many
parts of the real wind tunnel and consists of the chamber,
the nozzle, the adaptive test section, the wing models and
adapted wind tunnel walls, see Fig. 3. The inflow cross-
section has the dimension of 4 m  4 m and the outflow
cross-section is 1 m  1 m. The wind tunnel walls as well
as the surfaces of the models are defined to be viscous
walls in the CFD simulations. Different numbers of hexa-
hedral layers have been used to resolve the corresponding
boundary layers. The CFD mesh consists of 10.8 million
points and 38.5 million elements.
During an experiment in the DNW–TWG, the upper and
lower walls are adapted to realize freestream conditions
around the mounted wing models. This is necessary
because of the rather small cross-section of the wind tunnel
compared to a typical wing chord. To reach a high accu-
racy, those wall deformations have to be included in the
numerical model. In Fig. 4, the numerical and experi-
mental wall adaption is shown for an angle of attack of a =
10.0. In the rear part of the test section, there are no
experimental values available. Hence, a polynomial func-
tion is used to return the walls to their original z-position.
4.2 Finite element model
To represent the structural behavior of the elastic wing, a
complex finite element shell model has been developed and
compared with measured data from modal tests as well as
from static bending and torsion experiments. Both tests
have been performed in the wind tunnel under wind-off
conditions. The good quality of the numerical model is
shown in several publications [7, 21–23]. Overall, 80
modes were used in the coupled simulations, which are
obtained from the dynamic analysis of the shell model. The
second and the sixth mode shape are depicted in Fig. 5.
Especially, in the figure of mode shape number six, it can
be observed that the cross-section of the wing deforms
significantly. The correct representation of this local
deformation is very important for the computation of an
accurate pressure distribution.
5 Validation of the CFD model using
boundary layer measurements
Due to the small cross-section of the wind tunnel, it is
important to capture the boundary layer effects correctly in
the simulations. To qualify the aforementioned CFD setup
and particularly the resolution of the boundary layer at the
walls, a comparison with experimental data is carried out.
In a recent campaign, the velocity profiles at the wind
tunnel walls have been measured in the DNW–TWG
without wind tunnel models at different wall positions. The
comparison between measured and computed velocity
profiles are shown in Fig. 6 at three different X-positions of
the right wind tunnel wall (x = - 2.17/0.0/1.04 m), at a
Fig. 3 CFD modeling of the complete wind tunnel including
chamber, nozzle, test section and both wing models
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Fig. 4 CFD wind tunnel model including wall adaption for a = 10.0
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constant height of z = 0.0 m. This corresponds to the
middle of the wind tunnel test section where the wind
tunnel models are normally mounted. The inflow Mach
number for this investigation was Ma=0.5.
The comparisons in Fig. 6 show that the results are
satisfying for all three sections. The measured boundary
layer thickness, where 99% of the freestream velocity is
reached, is at x = - 2.17 m, around d99;Exp = 25 mm. The
numerical simulation overestimates the experimental value
with d99;Sim = 29 mm. In contrast to that, the comparison
for x = 0.0 m shows a very good agreement between
experiment and simulation with d99;Exp = 52 mm against
d99;Sim = 51 mm. At x = 1.04 m, the computations under-
estimate the experimental boundary layer thickness (d99;Exp
= 70 mm against d99;Sim = 62 mm). Despite the differences
in scalar values, the form of the velocity profiles matches
very well, which cannot be taken for granted in such a
complex computational setup.
6 Numerical results: influence of the fixed
transition modeling on steady FSI
simulations
The results for steady FSI simulations between angles of
attack of the Aerostabil wing of a = 0.0-10.0 will be
presented in the following section. The flow conditions of
interest are listed in Table 1.
6.1 Deformations in static aeroelastic
equilibrium
The prediction of the correct aeroelastic equilibrium state is
very important because the steady equilibrium describes
the initial condition of the system before any unsteady
disturbances in the flow field occur. An incorrect prediction
of the steady equilibrium state would result in unreliable
unsteady results.
Comparisons of fully turbulent simulations and simula-
tions with fixed transition modeling for global deforma-
tions like bending and twist are shown in Fig. 7. The elastic
Y
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Y
X
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Fig. 5 Second and sixth mode shape of the finite element model of the
Aerostabil wing
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Fig. 6 Comparison of measured and calculated boundary layer profiles for the empty DNW–TWG at Ma = 0.5 in three cuts of the test
section. a x=-2.17 m. b x=0.0 m. c x=1.04 m.
Table 1 Aerodynamic parameters measured in the experiment and
used for the computations
Parameter Value
Mach number (–) 0.5
Reynolds number 712123
Reynolds reference length, Aerostabil (m) 0.183
Reference relation area, Aerostabil (m2) 0.1024
Reference pressure (N=m2), p1 35456.0
Reference velocity (m/s), V1 173.24
Angle of attack, NACA0010 () 0.0
Angle of attack, Aerostabil () 0.0–10.0
X-position of the fixed transition, Aerostabil (–) 7.5% chord
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deformation of the Aerostabil wing along its span is
depicted for an angle of attack of a = 5.0 and for the
highest angle of attack of a = 10.0.
For the lower angle of attack of a = 5.0, the results of
the fully turbulent simulation and the simulation with fixed
transition modeling match perfectly, for the bending
deformation as well as for the elastic twist. At the highest
angle of attack of a = 10.0, a completely different
deformation behavior of the elastic wing can be observed
when fixed transition is included. The elastic deformations
are much lower than those for fully turbulent simulations.
The bending deformation reduces from max. DzC=4 =
0.0241 m to max. DzC=4 = 0.0184 m (by approx. 23.3%)
and the twist deformation decreases from max. Da = -
1.54 to max. Da = - 1.2 (by approximately 22.1%).
The diagrams in Fig. 8 show the maximum elastic
deformations at the wing tip at each angle of attack from a
= 0. . .10.0. The elastic behavior for fully turbulent sim-
ulations and simulations with fixed transition modeling
does not differ up to an angle of attack of about a = 6.0.
Then, differences start to occur and grow with an
increasing angle of attack. The fixed transition modeling
leads to different flow conditions which cause smaller
elastic deformations of the wing in the static aeroelastic
equilibrium state. Some more local features of the flow will
be shown in the following sections.
6.2 Local pressure distributions in static
aeroelastic equilibrium
As shown in Fig. 2, the elastic wing model was equipped
with pressure transducers at three different wing sections.
The locally measured pressure p has been transformed to
the dimensionless pressure coefficient Cp according to
Eq. (6):
Cp ¼ p p1q
2
V21
: ð6Þ
To qualify the numerical methods and models, local
pressure distributions are compared to experimental values.
Numerical and experimental datasets are shown for all
three pressure sections at three different angles of attack in
Figs. 9, 10 and 11. Figure 9 shows the pressure coefficients
at an angle of attack of a = 5.0. Simulated and measured
pressures agree quite well. Only slight differences around
the suction peak can be observed. These results correspond
very well to the previously discussed trends of the elastic
behavior of the wing: for angles of attack between a = 0.0
and a = 6.0, the influence of the transition tripping can be
neglected.
In Fig. 10, the values for an angle of attack of a = 8.0
are shown. The differences between the numerical models
increase. In all three sections, the strong suction peak
vanishes using fixed transition modeling. Almost every
single experimental value is predicted more accurately
when fixed transition modeling is used. Figure 12 reveals
the differences between the simulations at a = 8.0 in more
detail. The fully turbulent simulation results in attached
flow, whereas the simulation with fixed transition modeling
leads to a laminar separation bubble in the region of the
transition tripping. This corresponds to the breakdown of
the suction peak in the pressure distribution. Even if the
existence of a laminar separation bubble cannot be proven
for the experiment, a similar behavior is expected. The
results for the highest angle of attack of a = 10.0 are
shown in Fig. 11. A very good agreement between the
experiment and the simulation with fixed transition mod-
eling can be observed for the inner two sections. Towards
the outer wing, where the flow is completely separated, the
results between experiment and simulation differ more
strongly.
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Fig. 7 Influence of fixed transition modeling on the elastic deformation of the Aerostabil wing along the span. a Elastic bending at the c/4-line. b
Elastic twist deformation
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6.3 Local skin friction distributions in static
aeroelastic equilibrium
Comparisons of the skin friction coefficients for fully
turbulent simulations and simulations with fixed transition
modeling are shown in Figs. 13 and 14. Depicted are the
results for two angles of attack (a = 5.0 and a = 10.0) in
the three sections. The vertical dashed line marks the
position of the fixed transition. For the lower side of the
wing, there is almost no difference between both numerical
models. But on the upper side of the wing, different flow
features are already developed at a = 5.0: the fully tur-
bulent flow is far from being separated, whereas the sim-
ulation with fixed transition shows a small separation
bubble just in front of the tripping for the two outer cuts.
For a = 10.0, the differences between the models are
retained. The fully turbulent simulation leads to smaller
regions of separation than the fixed transition modeling,
which causes massive flow separation in all three sections.
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Fig. 9 Measured and calculated dimensionless pressure distribution at an angle of attack of a = 5.0. a Section cut at y = 0.195 m. b Section cut
at y = 0.264 m. c Section cut at y = 0.405 m
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Fig. 10 Measured and calculated dimensionless pressure distribution at an angle of attack of a = 8.0. a Section cut at y=0.195 m. b Section cut
at y = 0.264 m. c Section cut at y = 0.405 m
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To get an impression of the regions with separated flow
on the upper surface of the Aerostabil wing at a = 10.0,
streamlines from the skin friction coefficient have been
derived, see Fig. 15. Obviously, the characteristics of the
streamlines differ strongly between both solutions. With
the fully turbulent simulation, a strong cross-flow occurs in
the direction of the wing tip, which is not that pronounced
in the modeling with fixed transition. Here, the flow is
attached only within a small region at the wing root.
Figure 16 shows the streamlines of the velocity vectors in
the vicinity of the wing in the X–Y plane at y = 0.405 m. They
confirm the previous findings: in this section cut, the fully
turbulent flow is mainly attached, whereas the solution with
fixed transition shows flow separation over the complete
section cut. Moreover, a recirculation area behind the position
of the fixed transition and a large trailing edge recirculation
area are formed, which dominate the aerodynamic behavior
of the wing and are missing in the fully turbulent solution.
Recall that only the definition of the numerical transition
point leads to these extremely different flow characteristics.
Hence, if the position of the laminar-turbulent transition is
known, separated flow at high angles of attack can be pre-
dicted on a more accurate level.
6.4 Comparison of local lift values in static
aeroelastic equilibrium
For the comparison of the measured and the calculated
dimensionless lift CL, the normal force CN and the tan-
gential force CT have been integrated from the local
pressures Cp according to Eqs. (7) and (8),
CN ¼
I
Cpdx; ð7Þ
CT ¼
I
Cpdy: ð8Þ
The lift acts perpendicular to the incoming flow
CL ¼ CN cos a CT sin a: ð9Þ
For a fair comparison between numerical and experimental
data, only those numerical pressures are chosen for the
integration that correspond to the positions where the
experimental pressure transducers are located. Local
aeroelastic lift polars are shown for all three section cuts in
Fig. 17. A better match with the experimental values is
obtained for the simulations with fixed transition modeling.
Basically, the same trends that were found in the pressure
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Fig. 12 Local influence of fixed transition on the upper side of the wing at an angle of attack of a = 8.0. a Attached flow, fully turbulent
simulation. b Local separation bubble, simulation with fixed transition
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Fig. 11 Measured and calculated dimensionless pressure distribution at an angle of attack of a = 10.0. a Section cut at y = 0.195 m. b Section cut
at y = 0.264 m. c Section cut at y = 0.405 m
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distribution can be emphasized with the integrated local lift
values: simulations with fixed transition modeling come
closer to the experimental data. Nevertheless, a premature
breakdown of the lift can be seen in all three sections.
Especially in the outer wing section at the highest angle of
attack of a = 10.0, some effects were not captured well,
see Fig. 17c. The same observation was already made for
the comparison of the pressure distributions in Fig. 11.
7 Numerical results: influence of the fixed
transition modeling on unsteady FSI
simulations
To find out the influence of the fixed transition modeling
on the unsteady aeroelastic behavior of the Aerostabil
wing, the wing is excited by disturbance velocities that are
generated by a pitching motion of the upstream
NACA0010 wing, recall Fig. 1. Each excitation signal in
this numerical investigation is a single pulse in form of a
(1-cos) input to the actuation of the NACA0010 wing, see
Fig. 18. The shape of the pulse was chosen to create a
broadband excitation of the whole system in a frequency
range from 0 to 100 Hz, corresponding to a reduced fre-
quency of 0–1, see Fig. 19. Frequency response functions
(FRF), that relate the observed transient response of the
Aerostabil wing tip to the excitation signal, are compared
for two turbulence-modeling techniques: fully turbulent
simulations and simulations with fixed transition.
The flow conditions for the unsteady cases are the same
as those listed in Table 1. The unsteady time step size is set
to 2 104 s, which roughly corresponds to a traveled
distance of 12% chord of the NACA0010 wing per time
step. Similar kinds of gust excitations and time step sizes
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Fig. 13 Influence of fixed transition modeling on the skin friction coefficient Cfx at an angle of attack of a = 5.0. The dashed vertical line marks
the position of the fixed transition. a Section cut at y = 0.195 m. b Section cut at y = 0.264 m. c Section cut at y = 0.405 m
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Fig. 14 Influence of fixed transition modeling on the skin friction coefficient Cfx at an angle of attack of a = 10.0. The dashed vertical line marks
the position of the fixed transition. a Section cut at y = 0.195 m. b Section cut at y = 0.264 m. c Section cut at y = 0.405 m
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Fig. 15 Streamlines of the dimensionless skin friction coefficient Cf for an angle of attack of a = 10.0. a Fully turbulent simulation.
b Simulation with fixed transition modeling
Fig. 16 Mach number distribution and streamlines of the velocity vectors in the vicinity of the Aerostabil wing for an angle of attack of a = 10.0.
a Fully turbulent simulation. b Simulation with fixed transition modeling
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Fig. 17 Measured and calculated local lift polars at the three different sections of the Aerostabil wing. a Section cut at y = 0.195 m.
b Section cut at y = 0.264 m. c Section cut at y = 0.405 m
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are already used in previous computations [7] and show a
good agreement with unsteady experimental data.
For the unsteady cases that are considered in this paper,
the steady angle of attack of the Aerostabil wing is set to 5
and 10, respectively. The maximum excitation amplitude
of the NACA0010 wing is 0.001, see Fig. 18, which leads
to vertical velocity perturbations at the Aerostabil wing in
the order of vz  8:0 104 m/s. It is important for the
identification of the FRF that the excitation amplitude is
small, and therefore, leads to responses that are still in the
linear range. The principle of superposition should not be
violated.
The resulting deflection at the wing tip over time and the
corresponding complex-valued FRFs HðjxÞ are depicted in
Figs. 20 and 21 for both steady angles of attack. The FRFs
are calculated using the Fourier-transformed time signals
of the deflection at the wing tip as the system’s output
signal Dz ¼ yðtÞ ! YðjxÞ and the excitation signal of the
NACA0010 wing as the system’s input signal Da ¼ xðtÞ !
XðjxÞ according to:
HðjxÞ ¼ YðjxÞ
XðjxÞ : ð10Þ
It is hard to distinguish the results of both types of simu-
lation for the lower angle of attack, see Fig. 20. As in the
steady cases, the fixed transition modeling does only show
minor influences on the Dz deflection, since the flow is
attached for both simulations and the local flow fields are
very similar, see Figs. 9 and 13. Characteristic curves of
damped oscillations are shown in Fig. 20a. The eigen-
modes of the underlying structural system are revealed in
Fig. 20b. The reduced frequencies of 0.28 and 0.81 cor-
respond to the first and second eigenfrequencies (42 and
122 Hz) of the coupled aeroelastic system. Moreover, the
kinks in the FRF at a reduced frequency of approximately
0.95 show an acoustic wind tunnel resonance of the DNW–
TWG, which leads to a sudden drop of magnitude and
phase [24, 25]. As expected, the FRFs of the fully turbulent
solution and the solution with fixed transition for a = 10
differ more strongly from each other. The deviations in the
unsteady time history of the deflection and the deviations in
the transfer functions oz=oa have their origin in the already
fundamentally different steady flow fields. Nevertheless,
overall features of the solution as the excitation of the first
two structural mode shapes or the acoustic wind tunnel
resonance are still contained in both types of flow. The
resonance peaks for the solution with fixed transition are
shifted to slightly higher frequencies. Moreover, deriva-
tives and deflection amplitudes reach a lower absolute
level. The maximum deflection amplitude for the fully
turbulent simulation is approximately 53% larger than the
maximum deflection for the simulation with fixed transi-
tion modeling, see Fig. 21a.
Hence, judging from a perspective of those two test
cases, the aeroelastic system including fixed transition
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Fig. 20 Influence of the fixed transition modeling on the transfer function of the local displacement Dz at the wing tip for a steady angle of attack
of a = 5.0. a Time signal of Dz. b Magnitude of HðjxÞ. c Phase of HðjxÞ
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modeling results in different dynamic properties compared
to the aeroelastic system based on fully turbulent simula-
tions and so might also lead to different aeroelastic stability
limits.
8 Conclusion
The investigations in this paper were focused on the
influence of the fixed transition tripping used in the
experiment and its consideration in the simulation in
comparison to fully turbulent FSI simulation. The numer-
ical results have been compared to locally measured pres-
sure coefficients and local aeroelastic lift polars. It could be
shown that the numerical prediction of separated flow
conditions at higher angles of attack is significantly
improved by using fixed transition modeling.
• The influence of fixed transition tripping strongly
depends on the angle of attack: the higher the angle
of attack, the bigger the impact of the fixed transition.
• Numerically fixed transition leads to a laminar separa-
tion bubble and at higher angles of attack to massive
separation in contrast to attached flow in fully turbulent
simulations.
• In unsteady simulations, the numerical modeling
including fixed transition influences the eigen frequen-
cies of the coupled aeroelastic system while preserving
the overall dynamics of the system.
To conclude, when transition tripping has been used on
wind tunnel models in experiments, then it should always
be used in the simulation, too. Otherwise, important
physical aspects of the flow cannot be captured.
What has not yet been studied is the influence of the
turbulence model in combination with fixed transition for
example. It is expected that slightly different results occur,
especially for the high angles of attack that include flow
separation. However, qualitatively, the trends should be the
same as for the computations shown here. A more detailed
study concerning the influence of turbulence modeling on
the fixed transition will be the scope of future work.
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